The coordination of 2-pyridyltetrazolate and ortho-xylene-linked bis(NHC)cyclophane to Pt 2+ yielded a novel complex characterised by enhanced pure deep-blue emission, whose intensity can be modulated via methylation of the tetrazole ring.
The library of these complexes can be generally divided according to the denticity of the ligands. 13 Tri and tetradentate ligands offer generally improved quantum yields, with examples of Φ≈0.90 even in solution at room temperature. 15, 16 On the other hand, bidentate ligands can offer wider HOMO-LUMO gaps due to a lower extent of π-conjugation; however, D 2d distortion from the square-planar geometry in the excited state causes strong vibrational coupling with the ground state, 17 with consequent enhancement of non-radiative decay. This pathway is often accompanied by non-radiative decay from accessible MC states, resulting in complexes that may not exhibit any emission in fluid solutions. Nonetheless, there have been some examples of highly luminescent blue complexes with opportunely designed bidentate ligands. 18 We have previously reported the luminescent properties of tetrazolato complexes of Re(I), Ru(II) and Ir(III). [19] [20] [21] [22] We have now extended our studies into square-planar Pt(II) complexes chelated by 2-pyridyltetrazolate (pytet). As the other bidentate ligand, we have chosen the neutral ortho-xylene-linked bis(N-heterocyclic carbene)cyclophane (cyph), which is a bulky system being able to bind metal centres via the two carbene C atoms. 23 This complex ( Figure 1 ) is characterised by pure deep-blue emission in solution (λ em =436 nm; CIE X=0.162, Y=0.144) and good quantum yield (Φ=0.14) with respect to the majority of analogous deep-blue Pt(II) complexes bound to bidentate ligands. The complex is not affected by colour alteration due to aggregation phenomena, even maintaining its pure blue emission in thin films. Reaction with methyl triflate gives rise to a small red-shift and a marked decrease of the quantum yield. The precursors [Pt(cyph)Cl 2 ] 24 and pytetH 25 were prepared according to reported methods. The target complex [Pt(cyph)(pytet)]PF 6 was synthesised by exchange of the two chloro ligands with pytet - (Figure 1 ). The methylated complex [Pt(cyph)(pytetMe)](PF 6 )(OTf) was obtained by treatment of [Pt(cyph)(pytet)]PF 6 with a solution of methyl triflate in dichloromethane at -50 °C (Figure 1 ). The complexes [Pt(cyph)(pytet)]PF 6 and [Pt(cyph)(pytetMe)](PF 6 )(OTf) were characterised by NMR and IR spectroscopy, mass spectrometry and elemental analysis. Although we were not able to obtain single crystals suitable for X-ray diffraction analysis, the data are in agreement with the proposed structures (see ESI). † Selected photophysical data are shown in Table 1 (see ESI for a summary).
† The absorption, emission and excitation plots are shown in Figure 2 . The absorption profile of [Pt(cyph)(pytet)] + presents an intense band centred around 287 nm, with a shoulder visible at approximately 315 nm. These bands are ascribed to an admixture of LC transitions localised on the pytet ligand and MLCT 5d(Pt)π*(pytet) transitions. The absorption profile raises in intensity below 270 nm, which is attributed to the occurrence of π-π* transitions localised on the cyph ligand. After methylation, the absorption profile shows very similar features, however it is noted that the shoulder at lower energy seems to have disappeared, which could be attributed to a blue shift of the corresponding electronic transitions (see ESI for an overlay of the spectra).
† While it is expected that the LC transition blue shifts as the tetrazole changes from anionic to neutral, the effect on the MLCT could be more subtle: the MLCT would be lowered in energy by the indirect depletion of electron density on the pyridine ring and, at the same time, it would be raised in energy as an indirect depletion of electron density on the Pt centre. The energetics and absorption spectra of the two complexes (see ESI) † were simulated with time-dependent density functional theory (TDDFT). The spectral profiles are in good agreement with the experimental results, revealing a higher energy band tailing off in a lower energy band for [Pt(cyph)(pytet)] + . The main contributors to the low energy shoulder belong to the HOMO-nLUMO transitions, with n=0-2. As expected, the LUMO orbital is predominantly localised on the pyridine ring of the pytet ligand. On the other hand, the HOMO and HOMO-1 orbitals are localized on the Pt (with the HOMO also showing a contribution from orbitals localized on the imidazole rings of the cyph ligand), whereas the HOMO-2 is centred on the tetrazole ring of the pytet ligand. The higher energy peak is instead attributed mainly to the HOMO-2LUMO+1 transition, with both orbitals localised on the pytet ligand. In this respect, the calculations confirm the absorption band as an admixture of LC/MLCT transitions. The simulated spectrum of [Pt(cyph)(pytetMe)]
2+ reveals the disappearance of the lower energy shoulder, although a transition of very low intensity appears around 340 nm. This low energy process is not clearly distinguishable in the absorption spectrum (although such a feature can be observed in the excitation profile of the complex). The lower energy transitions originate from combinations of HOMO-nLUMO transitions with n=0-3. An analysis of these HOMO-n orbitals reveals these transitions to be a mixture of MLCT and ligand-to-ligand charge transfer (LLCT, cyph to pytet). The higher energy band, HOMO-8LUMO, seems to be of MLCT character as well. The calculations support the idea that the methylation of the complex raises the relative energy of the LC transition, thus increasing the MLCT character of the band.
The emission of [Pt(cyph)(pytet)] + is characterised by a deep-blue colour, and its profile is centred around 436 nm. The band reveals a vibronic progression characteristic of LC (or closely spaced LC/MLCT) transitions. The value of λ em does not change when the emission in measured in a rigid matrix at 77 K (see ESI), † which could be again ascribed to the prevalence of the LC character of the transition, thus being less affected by rigidochromism. The increase of the values of τ and Φ when passing from air-equilibrated to degassed solutions is indicative of emission from excited states of triplet multiplicity. On this basis, we assign the emission as originating from an admixture of triplet + in the solid state is very similar to the one obtained from solution, characterised by a deep-blue colour (CIE X=0.160, Y=0.127). This suggests a negligible tendency of the complex to form aggregates or excimers. The lack of aggregation, which can even be observed in more concentrated solutions, is rationalised by considering the bulky nature of the cyph ligand. The measured quantum yield of [Pt(cyph)(pytet)] + is 0.14, which represents a relatively high value compared to analogous bidentate Pt complexes with deep-blue emission. 13 The two N-heterocylic carbene exhibit a bite angle of almost 90°, as illustrated by the reported structure of [Pt(cyph)Cl 2 ]. 24 The cyph ligand therefore positions the two strongly σ-donating C atoms perpendicular to each other, an arrangement that causes a strong destabilisation of the d x 2 -y 2 orbital of the Pt. Further destabilisation originates from the strong σ-donation of the N atom in the anionic tetrazolate. 26 The combined destabilisation of the d x Table 1) . The band has now lost most of its vibrational structure: the change suggests that the lowest excited state of [Pt(cyph)(pytetMe)]
2+ is characterised by a prevalent MLCT nature. This assignment is in agreement with the previously discussed absorption spectra and TDDFT calculations, where it was noted that the absorption band was characterised by an admixture of MLCT and LLCT transitions. Counterintuitively, the τ and Φ values do not seem to change on passing from air-equilibrated to deareated solutions: however it seems unlikely that this is an indication of fluorescent emission from a 1 MLCT excited state, especially considering the excited state lifetime of 0.40 μs and the monoexponential nature of the decay.
27 Therefore, we still tentatively assign the emission from mixed
LLCT excited states. The emission from a rigid matrix at 77 K highlights the appearance of some vibrational structure, as typical of MLCT states raising in energy due to lack of solvent rearrangement and mixing with LC states. As before, the solid state emission of [Pt(cyph)(pytetMe)] 2+ does not reveal any significant change, especially in regards to the appearance of red-shifted bands, indicating absence of aggregation phenomena or emission for excimers (CIE X=0.182, Y=0.176). Upon methylation, the quantum yield of the complex decreases significanly to Φ=0.02 and the excited state lifetime decreases roughly by a factor of 10. The extent of non-radiative decay from the excited state due to D 2d distortion is not expected to change significantly between the two complexes. However, the methylation of the tetrazole ring is likely to lower the energy of the MC state, thus reducing the gap between the emissive However, in the present study, it cannot be excluded that the methylation of the tetrazole ring also favours non-radiative decays by introducing additional degrees of freedom to the complex.
In conclusion, a new square-planar Pt(II) complex bound to the bidentate cyph and pytet ligands has been synthesised. The photophysical properties of the complex have shown deep-blue phosphorescent emission originating from excited states of 3 LC origin involving the pytet ligand and partially mixed with 3 MLCT states. The strong σ-donating properties of the C atoms in the N-heterocyclic carbene ligand and N atom on the tetrazole ring favour the destabilization of the 3 MC level, thus significantly enhancing the quantum yield of the complex with respect to other blue-emissive Pt complexes bound to analogous bidentate ligands. The coordination of the cyph ligand prevents aggregation, which is an advantage when colour purity is needed. The reactivity of the complex towards the electrophilic methyl triflate has also been investigated. Methylation of the complex, occurring on the tetrazole ring, changes the intimate nature of the emitting excited state, which becomes predominately
